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The low frequency vibrational modes of pi' -pa' were
studied by electroacoustical methods. Techniques including
response curve method,' mode diagram method', Chladni
pattern and holographic interferometry were employed. The
acoustical properties of a pi' -pa' was tested under different
conditions it was first disjoined and then reassembled.
The average vibration frequencies of three lowest
modes were 465 Hz, 563 Hz and 686 Hz respectively. By
electroacoustical means, the tap tones as displayed on an
oscilloscope were found closely related to the vibrational
modes of a free top plate. Air resonance was not identified
and may not be an important peak for this instrument. Q
values of the low frequency peaks obtained by acoustical
and by holographic methods were compared and they agreed
with each other quite well.
1Chapter 1
Introduction:
a review of results on the study of violins
For three or four centries, wooden string musical
instruments play an important role in symphony and chamber
music. These classical musical instruments include violins,
violas, cellos and contrabasses. The fascinating sound of
violins had brought it a high position among the fiddles'
family. The art of violin making was brought to near
perfection by violin makers of the 17th and 18th centries.
Amati (1580) and his pupil Antonio Stradivari and Ginseppe
Guarneri of Italy deserved high praise in this connection.
Not until the past 40 years or so had mordern
technique been used to investigate the secret of the violins
made by the Italian masters. Experimental techniques include
Chladni pattern, holographic interferometry, and electro-
acoustical measurement (1) such as loudness curve, response
curve, harmonic analysis (2,3,4), transient, directional
effect and study by automatic bowing. Although western string
instruments particularly violins, have been extensively
studied, no Chinese string instruments are similarly studied.
This project analyzed the Chinese instrument pi'-pa'
using the methods which have been used successfully on
violins and guitars. Before presenting our results, a review
of violin studies will be given first.
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2Wooden string instruments such as fiddles, guitar,
and pi'-pa' have similar structure. In general, two main
resonances and one air resonance appear for these instruments.
Fig. 1 shows the structure of a violin (5). Since a string
has small surface area, sound radiating from a vibrating
string is nearly inaudible. Energy of the vibrating string
is transmitted through the bridge to the top plate. The
top plate is usually made of spruce, and its thickness
ranges from two to three millimeters. Around the rim of the
top plate a shallow groove called the purfling is cut and
on each sides of the plate is a beautiful pair off-'holes.
A bass bar running lengthwise along the G string is glued
onto the back of the top plate. The soundpost, which the
French call the soul of the instrument, is near the right
foot of the gridge and a small change in its position will
greatly alter the tone of the violin, The back plate is
made of maple and is about six millimeters thick in the
center and tappers off to almost two millimeters just
inside the edges. The front and back plates and the cavity
are responsible for the plate and air resonances of the
instrument-
1.1. Experimental methods and results
To find the physical properties of a violin, one
has to excite the violin and pick up the sound it radiates.
Methods of excitation can be-(a) bowing by a professional
player (b) bowing with an automatic machine (6),
3(c) achieved by electromagnetic means. The loudness curve
or total intensity curve, defined by F, A. Saunders (7) is
obtained by bowing the string normally at semitone intervals
over each strings and to record the loudest sound level at each
note. The sound pressure is picked up by a sound level meter
placed at one instrument length or one meter from the violin.
The response curve is obtained by excitating the violin with a
magnetic driver over the audible range, and the signal which is
picked up with a microphone or a sound level meter is recorded
with a recorder or observed with an oscilloscope. Permanent
record can also be obtained by the Hopping m ethod(8).
From the statistics over a large number of violins,
H. Meinel (9) had shown that the response curve of a good violin
exhibits (a) large amplitude at low frequency a feature which
makes the violin sounds agreeable sonorous (b) a broad minimum
near 1500 Hz prevent a nasal character (c) a peak about
2000 Hz to 3000 Hz acquired a very agreeable, dull brightness.
Hutchins and Saunders (5'7) found that violins made by
Stradivarius and Guarneri showed similar features in their
loudness curves. The loudness curve of a good 1713 Stradivarius
violin is reproduced in Fig. 2 (5)* •
The four vertical lines are the positions of the open string
frequencies of the violin.( 196 Hz. (G), 294 Hz (D), 440 Hz (A),
659 Hz (E)), The main wood resonance peak( black dot) falls
near the open string and the main air resonance peak( open
4Fig. 1 Structure of a violin
Fig. 2 Loudness curve of a good strandivarius violin.
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5circle) fall near the D string. An octave below the main
wood resonance there is another strong peak which we call
'wood prime' (gray dot). It is well known in acoustics
that-if the harmonics of a note are strengthened, the note
will increase in loudness but with small change in tone
quality and no change in pitch. Experiments on viola showed
two subharmonic peaks corresponding to the main air and
wood resonances of the instrument (7).
Looking at the response curve, there arises a problem
that whether a violin player perfers a violin with uniform
loudness curve? Some people think that the resulting
uniformity in tone color would be monotonous and the response
curves of the high reputation Stradivarius and Guarneri
violins illustrate this point, violins described as a
bad one show different structure in their loudness curves.
The main air and wood resonances are not properly located,
either a wide valley or an enchancement on an already
strong peak in the low frequency range.
Exhaustive investigation by F.A. Saunders, C.M. Hutchins
and other workers had found that we can shift the peaks or
change the feature of the response curve of a violin until
it shows similar resonance distribution as in a Stradivarius
violin. A $5 violin had been treated in this way and objective
test was carried out the violin was being played by high
ranking professional players and they voted that it sounded
as an old Italian violin.
61.2 The air resonance
The existence of the several peaks in the loudness
curve or the response curve seemsto strengthen the fundamental
tone in the low frequency. Among the several peaks, one is
due to the vibration of the air in the cavity of the violin
body. The frequency of the air peak can be shifted slightly
in several ways. It can be shown by theory that the change
of frequency is proportional to the fourth root of the area
of the f-holes and inversely proportional to the cavity
volume. Different methods can be used to find the air
resonance of a violin (7) (a) by blowing a stream of air-
from a nozzle against the edge of an f-hole and thus set
the inner air into vibration. (b) by attaching a silk fibre
over the edge of an f-hole and set the instrument into
vibration either by automatic bowing or hand bowing. The
vibrating amplitude of the silk fibre can be detected under
a strong microscope. (a) by filling the cavity of violin
with a stream of carbon dioxide. The dense air causes the air
peak to shift but the resonances of the wood remain unchanged.
(d) The f-holes are plugged with soft cotten. This
elliminates air vibrations without affecting the plate
vibrations. (e) by comparing the response curve for a violin
in normal condition with those for an abnormal one. Fasten
a mute to the bridge will change the position of the body
resonance but not the air peak.
71.3 Wood resonance and tap tone
It was found that overtones of air resonance are not
prominent in high frequency. The whole spectrum of a violin
are mainly contributed by body resonances. It is well known
from mechanics that a plate will vibrate in different modes.
The violin's top and back plates vibrate in a similar fashion.
In spite of its complicated structure, M. Itokawa and
Kumagai (10) were able to calculate the fundamental
frequency of a top plate. F. Savart and J. Vuillaume build a
violin of simplified geometry with flat plate and trapezoidal
ribs. Studying the plate's vibrations by means of Chladni
patterns, they were able to note the simple vibrational
patterns of a violin. Modern method such as holographic
interferometry has provided us a powerful way to see the
details of a violin plate vibrations. Holograms of this kind
had been obtained by E. Jansson et al (11). By holographic
study, it is obvious that quality of a violin depends to
a great extent on the vibrational. modes of its plate. This
vibrational modes are more or less reponsible to the peaks
in the response curve. As pointed out by Hutchins, scientific
violin makers usually find the resonance of lowest frequency
an adequate guide during construction and this corresponds
to the lowest vibrational modes of the plates. The main
wood resonance of an good complete violin, whose note is
about 440 Hz, is the lowest fundmental mode of a vibrating
8top plate. There, arises a problem that during the process
of violins construction, how can a violinmaker judge that
where the resonances of the finished instrument will fall,
This aim can be achieved simply by listening the tap tones
of a free front and back plates before the instrument is
assembled.
In the final thinning and graduation of the top and
back plates of a violin, the maker traditionally holds the
plate near one end-in his thumb and forefinger, taps it at
various points with his knuckle and listens carefully to
determine the pitch of the sounds he hears. These sounds
are called the tap tones of the plates. For a complicated
top plate structure, two to five resonances at low frequency
can be created, and it is difficult to find out the
frequencies of these tones.
Hutchins and Saunders had developed a method to find
the Chladni pattern of a flat top plate. Clamping at its
nodal point, they excited the plate at its exact center by
a magnetic driver and recorded the response signal picked
up by a microphone. Savart reported that the tap tones of
the front and back plates of a number of Stradivarius and
Guarnerius violins is about 227 to 311 Hz, the back being
higher than the top.
Hutchins et al found that from 120 to 600 Hz, there
are one, two or three peaks ice. the back plate, two or three
more peaks in the front plate( back plate have higher
frequencies). When the peaks of the front plate alternate
9with those of the back plate and the adjacent peaks are
within about a semitone of one another, the violin is judged
good. Otherwise we got a bad one. They also found that the
average of the top and back tap tones( f about 320 Hz)
is seven semitones below the main wood frequency( f about
440) of a finished violin,
In studying the physical properties of pi'- pa', we
used the same approach as in the case of a violin mentioned
above. In the following, vibrational modes of the instrument
is the main theme we are going to investigate. The response
curves, tap tones of the top plate in different situation are
being studied. Chladni pattern, holographic interferometry
are employed to' visulize' the-vibrational modes. With
a number of interferograms, we can also compare the Q value





Three methods of investigation are described in this
chapter in studying the physical properties of pi'-pa'. These
methods are the response curve..,holographic interferometry
and the mode diagram method.
2.1 Structure of pi'-pa'
The Chinese musical instrument pi'-pa' is a string
instrument (Fig. 3). Basically, its structure is similar to
that of a violin. The top plate, which is made of peach wood
is about five millimeters thick. A bamboo bridge and eighteen
or more frets are attached respectively to the lower and
upper half of the top plate. The number of frets depends on
the type of music to be played. Behind the bamboo bridge
near the bottom end of the pi'-pa' is a small rectangular
air hole of dimension 1.3x 0.7 cm. Different from a violin
or a guitar back plate,. the pi'-pa' has a thick and heavy
back plate which is arched outward to form a bell-like shape.
An expensive pi'-pa' usually use peach for the top and
redwood for the back. During performance, the pi' -pa' is
held nearly vertically with the left hand and with its
bottom resting on the thigh. Similar to a guitar, the strings
are plucked near the bridge.
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Fig. 3 a pi'-pa'
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2.2 Acoustical method
The loudness curve of a violin can be obtained by bowing
the violin strings at semitone intervals with a force such
that sound radiated from the violin body is a maximum, and
the detected sound level is plotted vs. frequency. In case
of pi'-pa', it appears that the loudness curve can be obtained
simply by plucking the pi'-pa' strings in a .similar manner
and plot a curve. But this method is only possible if a
prof essional player is available. So we feel it is more
convenient and consistent to study pi'-pa' by electromechanical
excitation.-Fig. 4 is a block diagram of the experimental set-up.
The function generator could automatically sweep
linearly over a wide frequency range with constant output
voltage. The sweeping time was adjusted to about two minutes.
Signal from the generator was fed into a 60 W power amplifier
and then to a magnetic driver. The whole driving system had
a linear response from d.c. to 40 KHz. Sound pressure was
picked up by a small condenser microphone. The preamplifiers
consisted of two PAR model 112 preamplifiers, each had an
amplification of 100,,-and one X 10 amplif ier all in- cascade.
The overall gain was very high but output larger than 18 V
peak to peak would be clipped. Hence, an attenuator was
used between the microphone and the preamplifiers,
To record the output voltage with a recorder, we had















Fig. 4 Experimental setup for taking response curve.
aluminium frame
-loudspeaker coil
Fig. 5 The driving coil.
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convertor did this job. From 50 Hz to about 30. KHz, the
convertor response was linear and the whole system from
microphone to recorder had a linear response from 50 Hz
to 15KHz. A double beam oscilloscope was used to monitor
both the signal feeding the electromachanical driver and
that from the preamplifier.
The prime requisite for activating a wooden plate
electrically is that the driver must be free from inherent
resonance and must deliver a constant driving force in
the entire frequency range. Different kinds of driving
head had been tested. A small iron strip was glued on the
top plate and was excited by a strong electromagnet. But
this arrangement had low efficiency. If the iron strip was
replaced by a small permanent magnet, efficiency could be
increased, but the weight of the permanent magnet caused
a slight shift of the peakts positions in the response
curve. Eventually, we constructed a suitable driver to be
described in the next paragraph.
The voice coil of a loudspeaker was used as the excitor
Fig. 5). The coil had a diameter of 2.6 cm and weighed
2.5 gm. An aluminium frame was glued with epoxy to the voice
coil and the flat surface of the frame was sticked to the top
plate by double adhesive tape and further fixed in position
with wax. Into the center of the coil, a 1.3 cm diameter
permanent magnet was inserted. Since the amplitude of
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vibration of the top plate was small, a simple driving
mechanism could be employed. Only one magnetic pole was used
to produce the required static magnetic field. The position
of the magnet was adjusted such that the sound pressure was
a maximum.
It was found that different microphone and excitation
positions would give different results (12). Method used by
Hutchins, in her study of violins, excited the violin at the
bridge and put the microphone at one instrument( violin)
length. In our experiment, we tried several pairs of excitor-
microphone positions and they are labelled in Fig. 6a.
Two low cost( H.K.$ 180) pi'-pa' of the same
manufacture were tested. They were labelled R -A- 1 and
P- 1. The pi'-pa' under test was-clamped to a heavy stand
and test was carried out in a large room with solid wall.
Fig. 7 to Fig. 9 show the response curves with microphone
M.) at either 1 era or 50 cm from point A'. The excitor( E)
was at position A_.:and over the bridge.
The y-axis represents the sound pressure detected by
the microphone. Since the output voltage was adjusted to
obtaine the best signal to noise ratio without distortion,
the attenuator was adjusted each time we took the curve,
Hence the sound pressure of each curve was not correlated.






Fig. 6.a Excitor and microphone positions.
Fig. 6.b The driving coil, permanent magnet (left),
and the microphone (right).
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(b)
Fig. 7 Response curve of NA - 1, E (excitor) at A,






3K 2K IK5K 4K
Fig. 8 Response curve of P-1, E at A, M at A' (50 cm).
SK !K3K4K 2K
Fig. 9 Response curve of P-1. E at B. M at k (50 cm).
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Let us compare the curves taken when the microphone was
placed at 1 cm with that taken at 50 cm and 100 cm from
the instrument. Interference due to complex modes excited at
high frequencies and reflections from solid wall might creat
a valley or enhance a peak, but the general features of the
response curves recorded at different distances were essentially
the same. Hence the effect of room is small.
It is obvious that if the microphone was placed close
to the instrument, we could obtain a good signal to noise
ratio and negligible interference effect from the surrounding.
To find the vibrational modes, most of the curves taken in
the latter part of the experiment were taken with microphone
placed at 1 cm from the pi' -pa' top plate.
2.3 Holographic interferometry
2.3.1 The peaks in the response curves were responsible for
the vibrational modes of the wooden plate. Hutchins and
Fielding described in their paper that holographic inter-
ferometry was the most promising new method to study the
vibrational modes of musical instruments. In 1968 K. A.
Stetson suggested the use of holographic interferometry to
study the vibrations of stringed instruments (13). This
technique was first applied in the Institue of Optical
Research in Stockholm to study plate resonances of treble
viol.
Optical interferometry is a useful method for small
20
displacement measurement. Instruments such as Michelson
interferometer is essentially a setup which can measure
the path difference between two light rays. Fringes can
be observed if the path difference is different from zero,
Optical holographic interferometry employes the same
principle. As an illustration, let us consider a holographic
arrangement when making an ordinary transmission hologram
( Fig. 10). The light beam from a laser is splitted into
an object beam and. a reference beam. Scattered light from
the object will interfere with the reference beam in the
region where the two beams overlap. A high resolution
spectroscopic plate or film( Kodak 649 F) is placed in
this region to record the interference fringes. Upon
development, the plate shows no sign of a three dimensional
object. If the film or hologram is placed back in its
original position and the setup unchanged except that the
object beam is blocked out., the reference beam will now
act as an read out' beam, and it will be diffracted by
the hologram and the first order diffracted light will
form a virtual image of the object.
Observer behind the hologram will see a 3 dimensional
replica of the object. The image observed is of the same
size and same distance from the holographic plate as the
original object. If at this moment we let the object beam
















Fig. 10 Experimental setup for hologram recording.
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the hologram. Because they are of the same size, same
microstructure and same distances from the hologram, we
can hardly discriminate them from one another. If the
object is now given a small displacement, say 10 microns,
fringes will appear on the' object'. For one dimensional
translation, we will see uniformly spaced parallel fringes
on the object. Fringe spacing depends on the geometry of
the arrangement and displacement of the object from the
image'. This method has an advantage of. making our observation
p/the object displacement in real time possible. But the
difficulty of this real time method is to replace the
developed hologram exactly back to its original position.
Different kinds of method have been developed and improvement
has been made in this connection.
A much easier method to obtain the information of
an displaced object is the double exposure interferometry.
The arrangement of this method is the same as shown in
Fig. 10. First we get an exposure of the object as in the
case of making an ordinary hologram but the exposure time
is half that of the usual exposure. With the hologram
left untouched, we displace the object or wait until the
object has displaced by itself in darkness. The hologram
is then exposed again for another half exposure time
while the object is kept stationary during the periods
of the first and second exposure. Upon development, the
hologram is reconstructed by a reference beam. What we
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can see through the hologram are two closely spaced images
so close that only one image can be seen. Consider two
corresponding points on the images. Since they are illuminated
by the same coherence laser beam,( the situation is somewhat
similar to the double slits in Young's experiment (14),)
the two spots will interfere. The result is a set of fringes
superimposes on the images. Different from real time case,
we got a permanent record of the interf erred objects.
Fig. 11 shows the reconstructed images from a transmission
ologram of a displaced travelling microscope by using
double exposure technique.
Fig. ll.a,b are the images taken from the same hologram.
Sometimes the fringes are not located on the object surface.
A camera focuses on the microscope body cannot record the
fringes( Fig. ll. a). With a very small f number and with
the camera focus on the fringes, Fig. 11. b is obtained.
Notice that fringes appear only on the microscope body
but not on the stage. Two displaced handles can also be seen
on the right hand side of Fig, ll.a.
2.3.2 Vibration analysis
Holographic interferometry is also a powerful tool
for vibration analysis. Theory of this method will be given
in chapter 4.. In case of double exposure interferometry,
the fixed object is given a displacement or distortion





Fig. 11 Reconstructed images of a travelling microscope.
(a), (b) displacement= 30 /cm.
(c) displacement= l0 'am.
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continuous comparision of surface displacement relative to an
initial state. Time averaging and real time technique are
both suitable for periodic vibration analysis. In the latter
case, experimental arrangement is essentially the same as
the real time technique described above. A developed hologram
of the object not in motion is made and placed back to its
original position and reconstructed by a reference beam.
The object is illuminated by the object beam at the same
time. Different from the above method, the object is now set
into periodic vibration. If vibrational amplitude is suitable.
concentric contour of fringes will appear on the image
surface( and the object). Another more convenient method
is the time averaging interferometry. The experimental
setup of this method is the same as in making an ordinary
hologram. But there is a little difference. During the
period of exposure, the object keeps on vibrating at constant
amplitude at a fix frequency. The hologram is made and
processed as usual. To obtain a good hologram of high
fringe visibility, the vibration amplitude of the object
must not be too large or too small. Furthermore, the
exposure time must greater than several cycles of vibration.
Fig. 31 shows the time averaging images of a vibrating
guitar.
The center of the concentric fringe contour is the
region of greatest vibration amplitude, each fringe or
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contour line has the same degree of displacement. Station-
ary points with vibration amplitudes below certain value
show no fringes on that region.
2.3.3 Experimental arrangement
To obtain a gooc. hologram, holographic table of high
stability must be used. Some author (15) suggested that a.
holographic table of resonance frequency below 1 Hz is
recommeneded. The. holographic table we used( Fig. 12) is
a 76 cm_ 106 cm 1.9 cm table made of marble. The table
and a 1.8 cm thick wooden slab sandwich a 4 cm thick foam
rubber and the whole combination rests on four small motor-
cycle inner tyres.
Some people tested the stability of a holographic
table simply by making a Michelson interferometer
arrangement. on the table top and observe the' bull eye'
pattern on a screen. A vibrating pattern means that the
table is not suitable for hologram making. A more sensitive
method we employed is to add a photodetector at the bull
eye region. Since the resonance of a holographic table
falls in the audible range, an audio amplifier is connected
to detect the vibration. Mini vibration of the table can
be heard from the loudspeaker. Although our table vibrates
around 30 Hz, we can use our table to make a high quality








Fig. 12 The holographic table
holographic
plate
Fig. 13 Holographic arrangement for time
averaging interferometry
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Fi. 14 The driving system and the holographic arrangement.
Fig. 15 The holographic arrangement.
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experimental arrangement using the time averaging technique.
It is easy to make a hologram of a small object with
a simple setup. For a large object, a large holographic
table is suitable. Since the area of the top plate is
pretty large and the table we used was a small one, five
mirrors were used here. Nt 4 was a 12.7 cm x 17.7 cm mirror.
The source was a Spectra Physics Model 120 He-Ne laser of
5 mW output power at 6328 A. The total intensity of the
reflected light from object and the reference beam were
detected by a highly sensitive Lux meter. It was found
that this. setup gave a total intensity of about 1 lux
this low intensity makes the adjustment of the arrangement
difficult because the beam ratio cannot be determined
precisely. Other researchers making hologram of that size
usually use a laser source with output power greater than
15 m w.
Before. making a hologram, the pi'-pa' was tightly
clamped to a heavy stand and with it's bottom rested on
the holographic table. Mirrors were properly placed and
path lengths were measured from the beam splitter to the
hologram. Positions of mirrors were adjusted to make the
path lengths of the object and reference beams as near as
possible. Since the laser beam might not be in pure T Moo
mode, it was not expected to get a hologram with path
difference greater than 50 cm. Two divergence lenses were
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inserted into the beams and the variable attenuator and
beamsplitter was adjusted to obtain a suitable object and
reference beam. intensity. Beam ratio around 1: 1 was
found to give a satisfactory hologram. The vibrational
mode frequencies of the pi' -pa' were first determined by
a microphone and then the pi'-pa' was set into vibration
at these resonance frequencies. Suitable vibrating amplitude
corresponded-to 7 to 12 v p_p sinusoidal driving voltage.
The recording medium was Kodak 649 F holographic plate.
Exposure time was about five to seven minutes. Development
process is the following: (a) agitate in D-19 developer for
5 minutes, (b) agitate in stop bath for one minute, (c) soak
in rapid fixer for 5 minutes. Between each step, the plate
is washed under running water. When the plate is dried, a
transmission hologram is obtained. To save time, the holograms
were not bleached. Photographs of the reconstructed image
can be obtained by the following arrangement( Fig. 16).
During reconstruction, a Spectra Physics Model 164
4 W argon ion laser was used. The laser was tuned to 5145 A
and adjusted to give 400 m W output. Laser beam reflected
from a mirror was diverged by a convex lens. A single lens
reflex camera loaded with Kodak 5069 high contrast copy film
was placed 4 cm from the hologram( size 6.3 cm X 5.1 cm).
A paper card was inserted before the hologram to-block




















Fig. 17, Block diagram of the mode diagram method.
32
were obtained with f number set to 4 and with 1/4 sec
shutter speed. Reconstructed image of a pi'-pa' is shown
in Fig. 35.•
2.4 The mode diagram
Chladni pattern and holographic interferometry are
two alternative methods to demonstrate the vibrational
pattern of a plate. The method we had developed also could
find the modes of a vibrating plate. The experimental setup
is shown in Fig.-17. In fact the setup was exactly the
same we had used when making the response curves( Fig. 4-).
The microphone which was slowly moved over the top plate
detected a signal and fed to one channel of a double beam
oscilloscope. Another channel was the reference signal
from the excitor. Moving the microphone over and very close
to the top plate, we could observe the amplitude and phase
of the vibration under the microphone. If node exists
between two regions, we could see a sharp minimum and a
phase change of 180 on the oscilloscope. Sometimes when
the vibrational mode was not clear, the signal would shift
from left to right on the oscilloscope screen and showed
no minimum between two regions. This arrangement enabled
us to find both the amplitude and phase variation of a
particular vibrational mode. Two things are important in
this method (a) the microphone must be held about 1 cm.
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from the vibrating plate so that sound pressure radiates
from that particular region is detected (b) a reference
signal, which triggers the oscilloscope must be provided,





Modern techniques including holographic interferometry,
mode diagram, Chladni pattern,and the tap tone were used
to investigate the acoustical properties of. the pi'-pa'
P- 1 in different conditions first it was disjoined and
then reassembled. It was found that a relation existed
between the results obtained by different methods.
3.1 The response curve
Two pi' -pa' P- 1 and N A- 1 were clamped on the
test rack and tested for responses. Different positions
were choosen for excitation and signal detection. Since
the force of vibration were mainly transfered from strings
to the top plate by a bridge, driving at this position
would give information similar to musical performance. A
study of the geometry of the top plate showed that the
bridge was located at the center of some symmetrical
vibrational modes. A driver placed at point B( Fig. 6)
was expected to excite these modes. In order to find all
the lowest modes of each instrument, we only needed to
excite the top plate at two points, namely A and B.
A set of response curves is--shown from Fig. 18 to
Fig. 25. Since we did not have a high quality pi'-pa' at
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a)
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( b)
Fig. 18 Response curves of N A- 1, E at A,
(a)' M at A'( 1 cm). (b) M at At( 50 cm).
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Fig. 19 Response curve of N A- 1, E at A. M at B' (1 am)*
T
3K IK.5K 2K4K
Fig. 20 Response curve of ITT A- 1, E at A, M at G (1 cm),
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Fig. 21 Response curve of N A- 1, E at B, Ni at A.' (1 CM) e
r--
3K5K 2K IK4K
rig. €Z iie sponse curve of N A 1, E at B, M at B' (1 cm)*
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Fig. 23 Response curve of N A- 1, E at B, K at G (1 cm),
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1000 960 Gb 400 200
a)
1000 8Do 200600 4110
( b)
Fig. 24 Response curves with E at A, M at At (1 cm).
( a) P- 1.( b) NA- 1.
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---T- T T
1000 goo 600 200400
(a)
1000 000 600 200400
(b)
Fig. 25 Response curves with E at B, M at B',
(a) P- 1, (b) N A- 1.
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hand, the essential features of the spectrum of a good
pi'-pa' is still unknown. The two pi'-pa' P- 1 and
N A- 1 are of the same structure and origin. Spectra of
Fig. 8 and Fig. 18 show that from 100 Hz to 5 KHz, these
two instruments show similar features. With excitor at A
and microphone at A' several peaks of large amplitudes
appear below 1.3 KHz. A valley from 1.3 KHz to 2 KHz and
low amplitude peaks from 2 KHz to 3.5 KHz. From 4 KHz
onward, the pi'-pa' gives out little sound pressure. In
case of violin or guitar, vibration due to the back plate
is-not negligible. Since the pi'-pa ''s back plate is
rather thick, the radiating sound pressure is taken to be
contributed mainly by the top plate. Comparision at low
frequency showed that- P- 1 and N A 1 had similar amplitude
distributions( Fig_. 24 to Fig. 27 but the mode
frequencies were not identical.
In normal playing, the string is plucked and produces
a driving force which is not sinusoidal. When the string
is played, harmonics will be excited, Fig. 26 to Fig. 29
give a comparision when using sinusoidal and square
excitation force. Above 400 Hz, the response curves in these
two cases are essentially the same. Small peaks below
400 Hz may be due to subharmonic peak (8) of the top plate.
It was expected that modes similar to a guitar might
appear if the pi'-pa' was properly excited. Interferograms
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-r-
TI00D goo GOO 400 200
(a)
1000 860 zoo600 400
( b)
Fig. 26. Response curves of P- 1 with E at A, M at At,
(a) sinusoidal excitation, (b) square excitation.
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1000 900 600 200400
(a)
I
1000 900 600 200400
Fig. 27 Response curves of N A- 1 with E at A, M at A',
(a) sinusoidal excitation, (b) square excitation.
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Fig. 28 Response curves of P- 1 with E at B, M at B',





1600 800 200600 400
( b)
Fig. 29 Response curves of N A- 1 with E at B, M at BI,
.(a) sinusoidal excitation, (b) square excitation.
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in Fig. 31 l'z, lb) show several of the lowest vibrational
modes of a guitar top plate. If the whole top plate
vibrated with the same phase we called it an 'a' mode. At
a higher frequency was the 'b' mode where vibrating regions
on either sides of the guitar top plate were out of phase.
Other high frequency modes were the 'c' and td' modes. The
mode diagram method described in chapter 2 could also be
applied to illustrate the vibrations of a guitar. Fig. 32
shows the mode diagrams when it is used to describe the
condition in Fig. 31 where the dash line shows the
boundary of a vibrating region of the same phase.
Before a hologram was made we suspected that peaks
below 1 KHz might correspond to the lowest vibrational
modes of the top plate. Mode diagram method enabled us to
locate-the frequencies of these modes. Fig. 33 and Fig. 34
show some of the clear modes of two pi'-pa' P- 1 and
N A- 1. Due to limitation of the table area and laser
power, only the lower part of the top plate was illuminated.
After the frequencies were noted, interferograms of the
vibrational modes were made. The result is shown in
Fig. 35 and Fig. 36. Comparing the mode structure obtained
by holographic and mode diagram method, we can see that
these two methods give the same results. In addition,
the mode diagram method can also find the relative phase
of a vibrating region. A slight discrepency was found for
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the resonance frequencies between the holographic and
mode diagrams. Humidity may account for these changes
With the help of the mode diagram and response curve
methods, the three lowest modes of three pi' -pa' of the
same origin are compared in Table 1, where C M- 1 was
another pi'-pa'. We did not have the opportunity to do
some other measur--ment on the C M- 1 and only its lowest
modes were found by the mode diagram method.
mode 'a' mode 'b' mode' c'
P- 1 601 Hz 720 Hz 486 Hz
460 Hz550 Hz 662 HzNA-1
C M- 1 5 49 Hz 676 Hz 450 Hz
Table 1 The mode frequencies of three pit-pat.
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Fig. 30 Interferograms of a violin free top plate.
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Fig. 31 Interf erograrns of a guitar top plate,









f 486 Hz f= 720 Hz
( b}
Fig. 33 The mode diagrams of P- 1, (a) E at A. (b) E at B.











f= 662 Hzf=460 Hz
( b)
Fig. 34 The mode diagrams of N A- 1, (a) E at A, (b) E at B.
( compare Fig. 28.a and Fig. 30,a)
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(b) f=601 Hz, E at A,(a) f=484 Hz, E at A,
( mode a)( mode c)
(d) f=1090 Hz, E at B,(c) f= 738 Hz E at B,
( mode d)( mode b 5
(f) f=1952 Hz, E at A.(e) f=1352 Hz, E at A*
Fig. 35 Interferograms of P-- 1.
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(a) f= 456 Hz, E at A. (b) f= 662 Hz, E at B.
(d) f 970 Hz, E at B.(c) f= 547 Hz, E at A.
Fig. 36 Interferograms of N-'A- 1.
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3.2 The disjoined instrument
Air resonance is important in the acoustical properties
of violin or guitar. At low frequency, these resonance
contributes a large peak in the loudness or response curve.
Before the top plate was removed, attempt had been made to
find the air resonance of P- 1. Since the small air hole
is. located under the bridge, it must be removed so that
some measureement can be made. Response curves in Fig. 25.a
and Fig. 26.a show no sign of dominant peak of any air
resonance. From the inner air volume, we expected that the
air peak probably lies between 100 Hz to 800 Hz. At first,.
a small packet-radio earphone acting as a microphone was
put inside the pi-pa f through the. air hole. With a driver
glued at the position of the removed bridge, frequency was
scanned from 50 Hz to 1 KHz, but no air peak could be
observed. Next, we tried another method described by
Saunders (7)- a silk fibre was held over the air hole by
adhesive tape. Frequency was slowly swept from 50 Hz to
1 KHz, and vibration of the fibre was observed under a
strong microscope. This method also could not detect the
air peak. Failure of these methods may be due to the limited
power supplied to the driving coil.
Finally, we tried to give a force to the top plate
so that wood resonances would shift in their frequencies
but the air resonance was unaffected. Several wooden cubes
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of sides 2.5 cm was fastenned by a string around the pi'--pa'
body so that the cubes were pressed against the top plate
at B, B' and A'( Fig. 6). With a microphone held 1 cm
from the air hole, response curves from 100 Hz to 600 Hz
were recorded. Fig. 37 are some of the results. Note that
wood resonance frequencies of mode 'c' and mode 'a' had
shifted due to the pressure. We suspected that the small
peak at 380 Hz might be the air resonance. However, repeated
measurements of the. reassembled instrument( to be described
at the end of this chapter) could not give a positive
identification of the air resonance.
Comparing the wood thickness and air hole area of a
pi' --pa' top plate with those of a- guitar and a violin, we
may say that air resonance is not important in pi'-pa'.
Inspection on its response curve seems to confirm this
point.
Response curves of pi'-pa' with bridge removed are
shown from Fig. 38 to Fig. 42 and Fig. 43 are response
curve and the corresponding mode diagrams at low frequency.
Comparing Fig. 42.a with Fig. 24.a( E at A, M at A'), we
found that the pi'-pa' with bridge removed had one
dominant peak only below 1 KHz while more than two dominant
peaks appeared before the removal of the bridge. In Fig. 42.b
E at B, M at B'), the 'b' mode splitted into two peaks
while in Fig. 25.a, only one peak appeared below 1 KHz.
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Fig. 37 Response curves of P- 1 with bridge removed.
( to find the air peak)
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5K 4K 3K 2K IK
a)
5K 4K 3K 2K IK
( b)
Fig. 38 Response curves of P- 1( with bridge removed),




2K3. K iK5K 4K
( b)
Fig. 39 Response curves of P- 1( with bridge removed),
E at B, (a) M at At, (b) M at G.
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Fig. 40 Response curves of P 1( with bridge removed),
E at A, M at A', (a) 1 cm from A', (b) 50 cm from A',
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5K 3.K 2.K IK4K
( a)
5K 4. 3K !K2K
( b}
Fig. 41 Response curves of P-- 1( with bridge removed),





lobo 800 600 200400
( b)
Fig. 42 Response curves of P- 1( with bridge removed),




f= 490 Hz f= 690 Hz
180
0 0 1 1800
f= 335 Hz f= 500 Hz f= 700 Hz
Fig. 43 The mode diagrams of P- 1( with bridge removed),
(a) E at A, (b) E at B.
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Table 2 gives a comparision of the mode frequencies in these
two cases.
before removal after removalmode
a 680 Hz580 Hz
b Hz670 Hz 680, 720
c 490 Hz480 Hz
Table 2 Comparision of mode frequencies
3.3 The free top plate
In the following-section, the top plate of P- 1 was
taken off and tested. After the measurement, the top plate
was reassembled with the back plate.
The top plate could be removed by carefully scrapping
part of the edge where the back plate is joined to the top
plate. A thin saw was used to cut apart the bars from the
top plate.
The removed top plate was clamped and tested for
responses. It could be shown that responses of the top
plate depended on the position at which it was being clamped
First, we clamped the neck of the top plate and with its
bottom rested on a table. Several adhesive tapes fastened
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different points around the edge of the top plate onto the
stand. Response curve and mode diagrams thus obtained are
shown in Fig. 46. Then the adhesive tapes were removed.
Mode diagrams and response curve were taken again and are
shown in Fig. 47. If we clamped the top plate on the neck
only, different results could be obtained.( Fig. 48).
As mentioned by Saunders et al (6) when they studied
the tap tones of a violin top plate, a flat violin top plate
made of brass was set into vibration by bowing its edge,
Chladni patterns thus obtained showed common nodal lines
of the different vibrational modes( Fig. 44). vibrations
of the top plate was not affected if a point on a nodal
line was clamped. In case of pi'-pa', interferograms and
mode diagrams gave no nodal points of this kind, but we
might say that the region near the neck vibrated with small
amplitude for most of the lowest modes. Fixing the top plate
by the neck would only affect few modes( such as mode' c').
By looking at mode 'c'( f= 113, 949 58 Hz) and mode Id'
(f= 227, 138 Hz) in the above cases( Fig. 47.a, 48.a,
49.a), it is obvious that resonance frequencies are higher
for restricted boundary vibrations. To obtain a consistent
result, the top plate was clamped at the neck for the rest
of the experiment( Fig. 45). The back plate with two lower
bars is shown in Fig. 46.
After the top plate was taken apart, two wooden sticks
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Fig. 44 Chladni pattern of a brass plate.
( b)( a)
Fig. 45 The clamped free top plate (a) front view,
(b) back view.
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f 113 Hz f= 227 Hzf= 58 Hz
( a)
1000 Soo 600 zoo40D
Cb)
Fig. 47 (a) The mode diagrams, E at A,
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f=138 Hzf= 58 Hz f= 364 Hz
( a)
40 0 Io300 200500
( b)
Fig. 49 Case I, (a) The mode diagrams, E at A.












Fig. 50 Case U, (a) The mode diagrams, E at A,,
















I000 200800 soo 400
Fig. 51 Case II, (a) The mode diagrams, E at B.












Fig. 52 Case III., (a) The mode diagrams, E at A.















Fig. 53 case, a The mode diagrams, E at B.
















Fig. 54 Case, (a) The mode diagrams, E at A.










22 Hz f =134 Hz f= 173 Hz f =89 Hz
(b)
100 zu2 0 60 40
(c)
1000 800 600 400 20 0
Fig. 55 Case IY, (a) The mode diagrams, E at B.
(b) (c) Response curves, E at B, M at B'.
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of size 1.5 cm wide and 0.5 cm thick were glued to the top
plate where the original bars were fixed. To see how these
bars and the bamboo bridge would affect the plate resonance,
the top plate was tested in_ different stages: Case I, The
free top plate( Fig. 49). Case lL, a bar of dimension 26.5
cm x 1.5 cm x 0.5 cm was glued to the lower half of the top
plate( Fig. 50, 51). Case lIL, two bars were glued( Fig. 52,
53) to the lower and the upper part of the top plate. Case
]S,two bars and the bridge were glued( Fig. 54, 55). Table
3 sumarized the results.
The second mode( column. two) with excitor at A
showed a definite increase of resonance frequencies due to
an increasing of plate stiffness while the frequency
change is not clear when the excitor was at B.
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mode. 1 mode 2 mode 3
Case I 138 Hz 3 64 Hz58 Hz
234 HzHzCase HzII 58 426
236 Hz HzCase 42758 Hz
Hz HzzCase 58 Hz 301 386
(a) Excitor at A
mode 1 mode 2 mode 4mode 3
56
22 136 Hz HzHz HzCase it 38561
22 133 HzHzCase 57 Hz 394 Hz
22 134Hz HzHzCase 11 389
(b) Exictor at B
Table 3 Mode frequencies in different cases
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3.4 The Chladni pattern
Long before the developement of holographic inter-
ferometry, Chladni pattern or the powder pattern had been
a good method in studying the modes of a vibrating plate.
To make a Chladni pattern, some powder or small pieces of
aluminium foil is evenly sprinkled on the plate. Afterward,
the plate is set into vibration. Powder on regions of large
vibrating amplitude will spring up and 'set down on the nodal
lines.
Before the top plate was removed,' rigidity of the
top plate made it impossible to obtain a powder pattern.
After removal, some of the vibrational modes obtained are
shown in Fig. 56 and Fig. 57*
Red Glo 35. can be obtained from S. FRY Co. Ltd.




Fig. 56 Chladni pattern of the free top plate.
(a) f= 58 Hz, (b) f= 138 Hz.
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Fig. 57 Chladni pattern of a free top plate+ two bars.
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3.5 The tap tones
Hutchins et al ko1 described in their paper that
before one tapped a violin plate, it was necessary to decide
where the plate was to be held and where tapped. Savart
described that the violin maker used his thumb and f ore-
finger to hold the violin at a' point where two nodal lines
cross, one trasverse, the other longitudinal, corresponding
to the directions of elasticity of spruce or maple'. The*
holding points of a violin were found to be about 1/5 of
the length from the top and bottom ends along the midline.
The clearest tones would be heard when the plate was tapped
near the center. However, tones of different frequencies
could be heard more or less clearly when, for example, the
edge was tapped at different points.
We did not use our knuckle to tap the pi'-pa', but
we used electromechanical excitor again. The oscillograms
in Fig. 58t 59 show the tap tones of a free top plate only
while Fig. 60, 61 show the tap tones of a free top plate with
two wooden bars and a bridge. Before we obtained the tap
tones, mode diagrams and response curves obtained in section
3.3 were studied and we expected that knocking at the plate
center would produce the lowest modes while knocking at
the edge would excite the higher modes. Guided by the mode
diagrams, we knocked the top.plate at various points( Fig.
58.e with a microphone placed at the positions where the
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( a) ( b)









Fig. 58 (a) f= 58 Hz, E at C, M at G. (b) f= 138 Hz, E at F, M at A.
(c) f= 364 Hz, E at B' ,M at E. (d) f= 684 Hz, E at C, M at A!
(e) f= 684 Hz, E at c, M at G.
(f) pick up and tapping positions.
83
( a) ( b)
( c) ( d)
( e)
Fig. 59 (a) f= 22 Hz, E at B, M at C, b f= 56 Hz, E at G, M at C.
c) f= 61 Hz, E at G, M at C. d f=136 Hz, E at B, M at B'.




Fig. 60 (a) f= 58 Hz, E at C, M at G. (b) f=171 Hz, E at C, M at A'.
(c) f=301 Hz, E at B' M at E. (d) f= 386 Hz, E at A', M at G
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( a) ( b)
( d)( c)
( e)
Fig. 61 (a) f= 22 Hz, E at B, M at B'. (b) f=134 Hz, E at B',. -M at B.
(c) f= 173 Hz, E at A', M at H. (d) f=389 Hz, E at k' q M at H.
(e) f= 389 Hz, E at At, M at G.
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excited mode's antinode would lie.
As mentioned previously, Hutchins defined the lowest
peak in the response curve to be the tap tone of a violin
free top plate, and knocking at various points would
produce higher pitch. The results of our investigation
gave an explanation to the above statement.
3.6 The re-assembled instrument
In the final stage of our experiment, the instrument
was re-assembled. First, the top plate with two bars and a
bridge was glued to the back plate, notice that the three
wooden feet which joined the two bars to the back plate were
not placed back in this step( see Fig. 45). Mode diagram
and response curves are given in Fig. 61.
The completed instrument with three wooden feet which
we expected to produce similar response curves and mode
diagrams was tested. The result is given in Fig. 62 and
Fig. 65*
It was surprising to find that mode 'c' was missing
in Fig. 62.a and 63.a. The lowest modes with f= 293, 244 Hz
( g at A) and f= 292 Hz( E at B) vibrated like an 'at
mode. The higher mode at f= 433 Hz in Fig. 62.a was not
a 'clear' 'a' mode, Comparing Fig. 64.a with Fig. 62.a.
the 'a' mode( f= 293 Hz) had changed into a 'c' mode








f= 293, 244 Hz f =433 Hz f 555 Hz
( a)
X000 800 6b0 40 0 200
( b)
Fig. 62 pi' -pa' without' feet'. (a) The mode diagrams, E at A.






f= 29 2 Hz f= 442 Hz f= 645 Hz
(a)
2001000 200 600 400
( b)
Fig. 63 pi'-pa' without' feet'. (a) The mode diagrams, E at











Fig. 64 The reassembled pi' -pa'. (a) mode diagrams, E at A.





f= 316 Hz f=- 495, 567 591 Hz
(a)
2001000 9 ou 400600
( b)
Fig. 65 The reassembled pi'-pa'. (a) The mode diagrams, E at *8.
(b) Response curve, E at B. M at B'.
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When the lower bars were fixed to the back plate by
means of wooden blocks, these regions turned out to be a
nodal lines and hence in favor of the I c' mode. With the
wooden blocks replaced, we also have a raise in vibrational
frequencies. The mode frequencies of the reassembled
instrument is compared with the original one( Fig. 24.a
and 25.a} in table 4.
the original the reassembled
mode
instrument instrument
a Hz580 524 Hz
b 670 Hz 495,567 Hz
G Hz480 310 Hz
Table 4 Comparision of mode frequencies between the




By using holographic technique, not only can we
determine the modes of a vibrating plate but we also have
a new method of sensitive measurement for mini displacement.
In this chapter, theory of displacement analysis and Q
value calculation are presented.
4.1 Theory
Powell and Stetson discovered how to use holo-
graphic recording in studying vibrating surfaces. Time
averaging, real time and stroboscope technique (18) had
been developed for this purpose. The formation of fringes
in a time averaging hologram can be considered similar to
the case of a double exposure hologram. Since the membrane
spends more time at the two extreme positions than at any
other position (20.), its time average hologram may well be
regarded as a double exposure record. Interference fringes
are observed as in the double exposure method. Provided
that the maximum vibrating amplitude is limited to some
tens of light wavelengths, illuminating the hologram yields
an image on which a number of interference fringes appear.
These fringes are contour lines of equal displacement of
the vibrating points.
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The relation between vibration amplitude and the
intensity of the fringe pattern can be found by first
considering two points on a vibrating membrane( Fig. 64).
The membrane is clamped at the outer edge of the surface
and set into vibration in an x-y plane.
When recording the hologram, let a point A on the
surface at a distance x from the origin be illuminated by
the object beam making an angle 4, with the x axis. On
reconstruction, observer views the point A in a direction
making an angle 0S with the x axis. We can calculate the
phase shift. of the vibrating point A. An enlarged diagram
of point A is shown in Fig. 65, where point A' is the
instantaneous position of point A when it vibrates. The
difference of rays scattered to the observer is given by
(1)
If we assume simple harmonic motion of the membrane,
the displacement of an arbitary point at time t may be
written as
D (x, t)= D (x) cos wt
Where W is the angular frequency of vibration. By












Fig. 64 Geometry for calculating the phase shift 8(x,t)













Fig. 65 Enlarged diagram of Fig. 64.
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Before we use S (x, t) to calculate the fringe intensity,
we must ensure that the hologram records a time averaging
of the interference pattern intensity produced by the time-
dependent subject at the hologram plane. This means that the
exposure time should long compared to the period of vibration.
In the calculation, we average over exactly one period of
vibration,
when recording a hologram, let the complex amplitude
of the reference plane wave be r and suject wave reflected
from the vibrating surface be a(x,t). We indicate that the
suject wave complex amplitude is a function of spatial
coordinate x and time t. At any time, the intensity at the
hologram is
I(x,t) a(x,t) a*(x,t)+ a(x,t) r+ a(x,t) r*+ r2 C3)
where r= f r' I The exposure of the hologram is
proportional to the time average of I(x,t)
T
.1
i(, t) at (4)I)= T
'Jo
where T= 21r/w is the vibration period of the surface
with frequency w. Substituting Eq. 3 into Eq. 4
rT1





a(x,t dt (5)T. IQ
where the term of interest have been separated. The
96
last term will give the original object wave upon reconstruct-
ion. If an absorption hologram is made and processed so that
it is a linear recording of the original object, then its
amplitude transmittance is proportional to <I>. Illumination
by the original reference wave will give a time average
original subject wave given by the product
Suppose (x,t) represents the instantaneous complex
amplitude of light arriving at the direction of observation
from a point A on he vibrating surface, we may write a(x, t)
as
where a(x) is the complex amplitude at the observation
point and S(x,t) is the extra phase given by Eq. 2. If we
substitute a(x,t) into Eq. 6, the complex amplitude of the
reconstructed subiect wave may be written as
(6)
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where Jo is the zero-order Bessel function of argument
( 21f/A )D(x)( sin coj+ sin 4),,q). The intensity at the observation
point is
This is the intensity of the reconstructed point A
detected by the observer. The dark fringes in the observed
interference pattern of a sinusoidal vibrating surface
correspond to the zeros of the do function, and the bright
fringes correspond to the maxima of the function. With
increasing amplitude D (x), the fall-off of the intensity
limited by the function gives fringes of decreasing
visibility (21)
4.2 The experiment
A comparision of Q values of a guitar top plate had
been made by E. V. Jansson (12) violin and Stetson (19)0
Q values obtained by acoustical method agreed well with that
obtained by holographic method. The similar mode structure
and simple geometry of pi'-pa' enabled us to study its
resonances with the same method. Each of the peaks recorded
in the low frequency range of the spectrum were found to
correspond to the resonance modes of the top plate.
The vibrating top plate and microphone can be considered
as two acoustical transducers with air as medium, the
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detected voltage was assumed to be proportional to the
vibration amplitude of the top plate. By taking a series
of interferograms at several frequencies above and below
the resonance peak, we could calculate the displacement
from the fringes on the reconstructed image. A curve of
displacement vs. frequency was plotted and the Q value of
this peak was calculated by dividing the peak frequency by
its width at 0.707 peak amplitude.
At first, real time technique was tried. A photographic
plate was clipped on the inside of a rectangular tank
filled with developer. Without exciting the top plate, the
film was exposed for two or three minutes. Five minutes
later, we reopened the shutter and excited the top plate.
Fringe patterns could be observed when the excitation
frequency was swept. Since the photographic plate was
continuously exposed, the plate gradualy darkened and the
image slowly deteriorated. Another method to elliminate
this defect had been tried where some plastic tubing were
connected to the sides of the plastic tank. After exposure,
developer was drained off the tank from the tubing at the
bottom. From the upper tubing, we slowly passed the fixer
into the container. After five minutes or so, a processed
hologram was obtained. We found that fringes could be
observed on the lower part of the top plate even when the
plate was left unexcited. This might be due to mini
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displacement of the object or of the photographic plate
during processing.
Time averaging technique was the second choice in our
experiment. Five interferograms for each modes of the
completed instrument P- l had been made and results were
shown from Fig. 63 to Fig. 66. The excitation voltage was
kept constant in each series of interferograms.
In each series of interferograms, the one with the
largest number of fringes corresponds to the case when the
instrument vibrates at the peak frequency. Eq. 7 shown that
the zeros of the J2 function give a dark fringe on the
reconstructed image. By counting the number of dark fringes
on each images, we could calculate the amplitude of vibration.
Consider the arrangement in Fig. 67 where OL= 52°, 45= 85°,
so that sins 0.788, sins= 0.996,( sino L+ sin S)= 1.784,
let a be the argument of the Bessel function Jo
where
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If oC is the zero of the J0(o() function, the displace-
ment D(x) of the corresponding dark fringe can be calculated
by Eq. 8. An approximationc:( m- 0.25 )dTl was used to
calculate the, zeros of J0(O()( see table 5). Fig. 68 to
Fig. 71 give a comparision of the peaks obtained by
acoustical and holographic methods. In the former case, the
microphone was placed at a distance 1 cm from the plate's
mode antinode.
As seen from table 6, the calculated Q values obtained
by these two methods agree quite well, the maximum percentage
error of holographic method is 18%. Since some peaks were
not symmetrical, we did not expect a very good agreement
between these two methods.
frequency 0 Q
mode excito mice
A Hz) H A (HZ) H A H
a 632A A. 612 13 1348 49
b B B 62742 12 13738 57
c A A 12443 16484 37 30
d B B 231090 24109 3 48 42
Table 6 Comparision of Q values from acoustical
method (A) and holographic method (H)
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(a} f= 573 Hz (b) f. 587 Hz
(c) f= 601 Hz (d) f= 615 Hz
(e) f= 629 Hz
Fig. 63 Interferograms of mode' a 1.
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( a) f= 723 Hz (b) f= 733 Hz
(c} f= 738 Hz (d) f= 746 Hz
(e) f= 753 Hz
Fig. 64 Interferograms of mode I b'.
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(a) f= 450 Hz (b) f 462 Hz
(c) f= 484 Hz (d) f= 496 Hz
(e) f= 508 Hz
Fig. 65 Interf erograms of mode' c 1.
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(a) f= 1071 Hz (b) f= 1084 Hz
(c) f= 1090 Hz (a) f= 1100 Hz
(e) f. 1116 Hz
Fig. 66 Interferograms of mode' d 1.
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Fig. 67 Geometry when making the interferograms.
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b)
Fig. 68 Resonance peak of mode' a' obtained by:
(a) acoustical method, (b) holographic method.
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( h}
Fig. 69 Resonance peak of mode t b I obtained by:
(a) acoustical method, (b) holographic method.
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(b)
Fig. 70 Resonance peak of mode t c t obtained by:
(a) acoustical method, (b) holographic method.
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Fig. 71 Resonance peak of mode t d' obtained by:





Acoustical measurements are usually carried out in an
anechoic chamber or a room covered with thick curtains. We
do not have an anechoic chamber, but we found that if.the.
microphone was placed within 50 cm from the vibrating pi'-pa'
or its top plate, reflections in our laboratory did not shove,
noticable effect in the recorded spectrum.
Other people, in their experiments on violins or guitars,
used a narrow- band filter between the microphone and the
amplifier such that the output signal's frequency of the
detection system was locked at the driver's frequency. But
in our system, no filter was used. All harmonics were picked
up and amplifed. If the driving voltage is not sinusoidal,
the detected signal is somewhat similar to the response of
a loudness curve. In our experiment, detected signal observed
on the oscilloscope screen was in general sinusoidal for a
sinusoidal excitation force.
Due to limitation of the driving force, the detected
signal in some situation was very small, we had to adjust
the attenuator to obtain a large output voltage. Hence the
response curves recorded were not correlated in their y-axis
scale. To improve the system, the driver must be replaced by
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another with larger power handling capacity. A sound level
meter should also be used'so that we can calibrate and compare
the response curves.
The three pi'-pa's compared in Table 1( section 3.1)
showed that their lowest vibrational frequencies have a good
agreement for 'N A-• 1 and C M- 1 but not for P- 1. Although
N A- 1 and P 1 have different mode frequencies, their
response curves( Fig. 24 and Fig. 25) showed similar
features. We believe that uniform thinning of the top plate
of P- 1 will raise its mode frequencies such that they agree
with those of N A- 1.
As seen from Table 3( section 3.3), the two wooden
bars which were glued on the free top plate did not produce
a prominant frequency change of the vibrational modes. In
other words, stiffness of the free top plate was not affected
by the wooden bars. The effect of the wooden bars on the
vibrational frequencies of the reassembled instrument had
not been studied, but results in section 3.6 showed that.
the vibrational frequencies were shifted higher when the
wooden bars were glued to the back plate by three wooden
blocks (feet). In addition, the wooden bars were glued in
such a way that certain vibrational modes are favored.
When the free top plate is attached to the rest of
the instrument, the frequency of the prominant vibrations
will increase. This is similar to what was found in the
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case of violins. In their study on twenty violins, Hutchins
et al( 8) compared the avera e tap tones of the free top
and back plate with the main wood resonance of the completed
assembled instrument and found that the main body peak was
seven semitones above the average of the free plate peaks.
The lowest frequency of the tap tones of pi' -pa's free
top plate was the' c' mode at f='58 Hz( Fig. 58.a). This
frequency is much lower than the lowest mode frequency in
the spectrum( f= 310 Hz) of a. assembled pi'-pa'. Large
differences are also observed if we compare' b' mode in
Fig. 59.a( f= 22 Hz) with Fig. 65.b( f= 480 Hz). The
frequency rise of the vibrational modes is much larger than
violin's seven semitones. Since the pi'-pa' have a more
simple geometry, its top plate is thicker and larger than
that of the violin's, these differences may account for
the large frequency shift.
The mode diagrams of the free top plate of Fig. 49.a
to Fig. 55.a seem to show that a common nodal line or point
does not exist at low frequency. The mode structure and
frequency will probably change if we hold the free top plate
at some other positions. As seen from Fig. 35, the mode
structure from holographic method (or the mode diagram method
most of the lowest frequency modes its location is the
position of the lower wooden bar.( mode diagram method
Show a completed pi'-pa' top plate do have a nodal line for
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showed that a small vibration amplitude could be detected at
the nodal line and interferogram of Fig. 35.b also shows
dark fringes in this region). When hearing the tap tones of
a pi'-pa' free top plate, we suggested this nodal line to be
the holding position.
The air resonance, which we had failed to locate, may
not be an important peak.. in the case of pit-pa'. The methods,
of finding this peak, given by Saunders are still valid, but
some improvement should be made in our system. A driver with
a greater vibrational force may be needed. Anyway, the air
resonance, if it exists, will be a peak of low amplitude.
In our investigation of the mode structure of pi'-pa',
Chladni pattern, holographic and mode diagram methods were
used. A first sight on the Chladni pattern in Fig. 56. a, b
seems to show that the mode structure were different from
that obtained by mode diagram method( Fig. 49.a). In fact,
this was due to the limited driving force of the excitor. If
the driving force was large enough, we could obtain a pattern
similar to the mode diagram method. Attempt had been made to
record. holographic interferograms of a free top plate. But
it was found that, the top plate could not be conveniently
held rock-steady such that even a very small table vibration
or air distrubance would make the hologram-making a failure.
Chladni pattern required a large vibrational force to
produce a good pattern. However, at very low frequency( e.g.
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the 'b' mode at 22 Hz), we could not obtain a powder pattern
even the vibration amplitude was exceedingly large. On the
other hand, at higher frequency, this pattern could not give
the detail of a complex mode. Furthermore, this method is not
suitable for a curve surface.
Holographic interferometry, which req-:iired a long time
to process a hologram, is a rather cumbersome method. When
making an interferogram, the object should be kept very
stable. In addition, try and error method should be used
such that a hologram with suitable number of fringes was
obtained. The mode diagram method is a very useful and
prominent one. By using this method, all the mode structure
of the low frequency peaks could be obtained.
To calculate the.vibration amplitude of the top plate
by time averaging holographic technique, we counted the total
number of dark fringes from the contours center of the
reconstructed images. If the intensity at the center was
zero( dark), we got a whole number of fringes. But if it
was not the case, we had to guess the value of the argument.
Bef ore a series of f ive interf erogram s were made, we had
tried to make an interferogram with suitable number of fringes
at the peak frequency in order to minimize the error. The
problems described above can be solved if real time technique
is employed. Viewing through the processed hologram, we can
adjust the vibration amplitude until a suitable number of
fringes appears on the image( and the object). A camera
115
placed in front of the hologram can record many reconstructed
images in a short time
5.2 Conclusion
The vibrations of pi'-pa' had been studied. The response
curves generally show some large peaks below 1.3 KHz. A
valley from 1.3 Khz to 2. KHz and small amplitude peaks from
2 KHz to 3.5- KHz.
The average-vibration frequencies of three instruments
for modes' a',' b' and' c' were 563, 686 and 465 Hz
respectively. After the free top plate was tested, the
instrument was reassembled and the vibration frequencies
were 524, 495 and 310 Hz respectively. The frequency changes
of the vibrational modes may be due to thinning of edges of
the top plate during removal. The air resonance, which we had
failed to find, may not be an important peak in the case
of pi',-pa'.
The vibration frequencies of modes' b' and I c' of a
free top plate were 22 Hz and 58 Hz. These frequencies are
much lower than the corresponding ones( 480 Hz for mode' b'
and 310 Hz for mode' c') of the reassembled instrument.
The frequencies rise was much larger than violin's seven
semitones.
Techniques including holographic and powder methods
had been tried, but it was found that response curve and mode
diagram methods can provid. sufficient information in
studvina the acoustical nronerties of ni'-na'.
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The final goal of our research on the musical instrument
p.i'-pa' is not merely to study its vibrational properties,
but to find a relation between the sound quality of pi'-pa'
and the acoustical results obtained by scientific methods.
Further developement in musical acoustics of pi'-pa' requires
the cooperation of professional musicans. It is also important
to do some measurements on a large number of both high and
low quality instruments and to find out a scientific
criterior for high quality instruments.
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